Introduction
Compliant sheet metal parts are widely used in automotive, aerospace, aircraft, appliance, and furniture industries. Material handling of compliant parts poses much greater challenge than the handling of rigid parts since the compliant parts can deform during the handling process. Figure 1 shows an example of a material handling system for compliant parts used in a production stamping line. After a sheet metal part is stamped in one press station, it is picked up and transferred forward to the next press station by the material handling system. In general, large, flat sheet metal parts deform when they are transferred from one press station to the next. The magnitude of part deformation depends on a number of part and process design parameters such as: part compliance, material handling transfer speed, and end effector layout. The deformation of parts strongly impacts part dimensional quality and productivity. The impact of material handling on part quality can be described on two levels:
1 Direct impact-through permanent part deformation occurring during the handling process; 2 Indirect impact-through part elastic deformation occurring during the handling process.
Permanent deformation results in damaging a part and thus is not allowed in design of the material handling process. Based on extensive studies conducted previously ͓1-3͔, part elastic deformation during the handling process also has a significant impact on both part dimensional variation and rate of production. Material handling has been identified as one of the top five reasons for part dimensional variation in the automotive industry ͓1-3͔. One of the intrinsic reasons is part elastic deformation occurring during part handling operations.
Part elastic deformation during material handling affects part/ subassembly dimensional quality in the following ways:
͑a͒ Part nesting error-error of positioning/dropping parts into the die ͑installed in the stamping press͒. Part elastic deformations may cause part positional variation in a die, which can further cause mis-stamping of parts in each press/die ͑a stamping line for large automotive parts usually has 4 -5 presses/dies͒. These small deviations of the part in each die accumulate and can eventually cause very large dimensional variation of the final part or even produce scrap and/or cause line downtime. For automotive closure panels this large accumulative part variation can be on the level of 4 -6 mm or even larger ͑as measured by 6-sigma͒ ͑b͒ Part distortion during die contact-parts are usually dropped into the die at the end of the material handling process. If excessive elastic deformations occurs, the contact force between part and die can be so unevenly distributed that the part can be permanently damaged.
͑c͒ Part-obstacle interference-part elastic deformation during transfer increases uncertainty in planning a part transfer trajectory. This may, in effect, cause unexpected interference of the part with the surrounding environment and therefore, damage the part. And it can even cause reduction of production rate to avoid potential interferences.
The lack of ability to accurately predict part elastic deformation during the material handing process can cause design intended dimensional quality of parts unachievable during production. Additionally, the part transfer path may not be the optimal one, and the handling time between stations may not be the shortest thus, resulting in reducing the overall rate of production. Therefore, prediction of part elastic deformation is one of the most critical issues in the material handling of compliant sheet metal parts. In this paper, all considered part deformations are assumed to be elastic.
In some sense, the prediction of part deformation during handling with a given end effector layout is similar to the prediction of workpiece deformation during fixture design process. Fixture modeling and design has been thoroughly studied and significant results have been achieved ͓4͔. Based on the part characteristics the research in fixture design can be categorized into two groups: fixturing of rigid parts and fixturing of compliant parts. For rigid *Corresponding author. parts, the functional configuration of fixture is often based on kinematic and mechanical methods such as screw theory ͓5,6͔ and force equilibrium equations ͓7͔. In his research on constructing force-closure grasps based on the shape of the grasped object Nguyen ͓8͔ classified the locators as frictionless point contact, hard-finger contact and soft-finger contact. DeMeter ͓9͔ expanded the fixture design research by considering the planar, spherical and cylindrical surface contacts between the workpiece and fixture elements. Different approaches have also been developed for fixture design optimization ͓10-12͔.
Much less research has been done on fixturing for compliant parts. Lee and Haynes ͓13͔ proposed a finite element model of the fixturing system analysis for prismatic parts. This research considered workpiece deformation and stresses as well as the friction between the fixture element and the workpiece. Based on this finite element analysis model, many approaches to the optimal fixture design for compliant sheet metal parts have been developed ͓14 -17͔. Most recently, Ceglarek et al. ͓1͔ extended the traditional fixture design scenario to the material handling of sheet metal parts by adding movability conditions. Although their end effector layout optimization methodology can significantly reduce part deformation during the handling process, the end effectors were modeled as rigid points. This can be applied to material handling systems that use shovels or fingers as end effectors.
However, a significant number of material handling systems use vacuum cup type of end effectors to handle large stamped sheet metal parts. The vacuum cups have some translational and torsional motion flexibility in 3-D space relative to the part handled. The rigid point model does not represent these characteristics and thus cannot predict part deformation accurately. Furthermore, with rigid models, the prediction accuracy of part deformation is not consistent in the whole domain of end effector holding positions/ layouts. For some end effector layouts, the rigid model is even unable to estimate part deformation mode correctly ͑see Fig. 15 in Section 4.4 for more details͒.
While there are a number of techniques for modeling contact region deformation ͓18,19͔, in general, these consider the effect of static loadings on quasi-static workpiece deflection. They assume a workpiece to be an elastic body in frictional contact with rigid elements. This assumed condition is very different from the working conditions of material handling of sheet metal parts, which have been described by Ceglarek et al. ͓1͔. Yeh and Liou ͓20͔ proposed a modeling technique to monitor the contact conditions based on dynamic response frequencies of a fixture system. The virtual spring element based on the Hertz theory was used to recapitulate fixture contact conditions in finite element modeling. This research cannot be applied in material handling since the contact stiffness in this research is estimated through forcedeformation ratio at contact point, which is invalid in material handling for compliant sheet metal parts as vacuum cups cannot be represented by parallel linear springs.
All the above mentioned research has significantly advanced fixture design for sheet metal parts and is helpful for part deformation control during the material handling process. However, the lack of a dexterous model of end effectors has imposed a constraint on precise part deformation prediction, and further limited the improvement of part dimensional quality and production rate caused by material handling. This paper attempts to resolve the aforementioned challenges by developing a dexterous part-holding model which models the vacuum cup type of end effectors as several linear springs configured in a 3-D space. By the term ''dexterous,'' we mean that the model incorporates flexibility necessary to reflect the real characteristics of the industrial end effectors. This dexterous model differs from dexterous hand study in robotic research, where the robot hand has many degrees of freedom and each finger and joint can be individually and independently driven ͓21͔. In this paper, the presented research is focused on developing an accurate partholding model to precisely describe the characteristics of a given vacuum cup-type of end effector, and therefore, to precisely predict part deformation during the material handling process.
In order to develop such a model, first, the structure of the dexterous part-holding end effector model needs to be designed. Second, values for some of the critical but unknown parameters, such as cup stiffness and effective diameter, need to be estimated based on the handling motion direction and velocity profile, part weight and other handling factors. The accurate estimation of dexterous model parameters is critical for the development of the model. This paper is organized as follows: Section 2 presents the structure design of the dexterous part-holding model. Section 3 presents the methodology for the dexterous model parameter estimation. The developed methodology is then validated through a case study and experiments, which are presented in Section 4. Finally, Section 5 presents summary and conclusions.
The Dexterous Model Structure Design
The methodology for development of dexterous part-holding end effector model includes the dexterous model structure design and the model parameter estimation. In this section, we present how to build a dexterous model geometry for a given cup diameter and cup height.
There are two kinds of part-holding end effectors commonly used in the handling of sheet metal parts in a stamping line: vacuum cups and fingers or shovels. Fingers or shovels are usually used to transfer small and rigid parts. Vacuum cups are usually used to transfer large and flat sheet metal parts. In general, there are three types of commonly used vacuum suction cups: round, round convoluted, and oval cups, as shown in Fig. 2 . This paper develops a model for the round vacuum cups. The developed methodology can be easily expanded to model the convoluted and oval cups. The key parameters for the round vacuum cups are: ͑1͒ cup material, ͑2͒ cup diameter, and ͑3͒ cup height. One of the characteristics of the round vacuum cups is that one end, near the holding socket ͑cup-to-frame joint͒, is fixed without any degree of freedom to move; the other end, near the handled part ͑cup-to-part joint͒, can move along with the part due to the elasticity of the end effector material ͑Figs. 2 and 3͒. This characteristic can be represented by a system of springs, which this paper calls a dexterous part-holding end effector model. Transactions of the ASME
The structure design of the dexterous model is based on two steps:
1 Defining cup-to-frame and cup-to-part joints. The cup-toframe joint is usually designed as a rigid point. It is simulated in the same manner as in the dexterous model ͑Fig. 3͒. The cup-topart contact region, for round cups, is a ring with large and small diameters, which are determined based on the cup's initial diameter and the dynamic parameters ͑vacuum level, part weight, etc.͒. It is simulated as a circle. The diameter of the circle will be determined by the approach presented in Section 3.
2 Discretizing the simulated cup-to-part joints. The circle representing the cup-to-part joints is discretized into a series of points. By connecting these points with the simulated cup-toframe joint with linear springs, we can obtain a dexterous model ͑Fig. 3͒.
The slippage of the handled part relative to cups is not allowed during the transfer process. Otherwise the part may be damaged during handling as discussed in Section 1. Thus, the cup and the handled part are in contact without any slippage at all times during a successful material handling process. Therefore, the static friction in the cup-to-part contact region is reflected through the reaction forces on the node.
Due to the geometric complexity of the sheet metal parts and the part-holding end effectors, Finite Element Analysis ͑FEA͒ is used for modeling and simulation, specifically, ABAQUS software. In ABAQUS, each spring in the dexterous model is treated as a spring element. Figure 4 shows an example of the dexterous model consisting of four springs. Point A represents the cup-toframe joint. Points B, C, D, and E represent discretized cup-topart contact points. Line segment AB, AC, AD, and AE represent the four springs. Point F is the orthogonal projection of point A into the part plane.
Generally, in the dexterous model of vacuum cups, it is likely that the cup diameter represented by points B through E does not coincide with the FEA nodes. Thus, three approaches can be used in order for the FEA model to run: ͑a͒ to employ shape functions for the finite element, ͑b͒ to locally remesh the handled part, or ͑c͒ to approximate the cup diameter in the spring model. Employing shape functions can guarantee an exact size of the spring model; however, it needs more effort in generating the model. Locally remeshing can generate a uniform spring model wherever the end effector is located, but more efforts are required in the remeshing process. On the other hand, the approximation of the cup size in the spring model avoids the efforts of employing shape functions and remeshing, though the accuracy depends on the mesh resolution and may be reduced in some cases. Figure 5 illustrates the approximation approach.
In Fig. 5 , four areas represent the possible regions that each of the cup-to-part contact points could be located. The regions are determined by the spring model structure design such as the number of springs and their orientations. Within each region, the node, which has the shortest distance to the ideal cup-to-part contact circle, is selected to be the cup-to-part contact point. Therefore, different springs may have different lengths and form different angles to the cup-to-part contact plane in the spring model. For example, spring lengths of AB and AE in Fig. 5 are different.
It can be seen that in the approximation approach, the accuracy of the spring model depends on the mesh density of the part. A finer mesh can lead to a more accurate spring model. This is due to the fact that when the mesh size is smaller, each end effector model will cover a higher number of finite elements. Part deformation caused by changing the end of the spring from inside of the mesh element to the node of this element is of less importance. Therefore, it is acceptable to use the closest node of the mesh element as a position for location of the end of the spring in the proposed model. It can be observed that sensitivity of such approximation varies with the end effector layout changes.
Dexterous Model Parameter Estimation
After designing the structure of a dexterous end effector model, the key parameters of the model need to be selected and determined. This section presents the procedure to estimate the key parameters of the model. The key parameters in the dexterous model are stiffness, diameter, and height. Table 1 lists the partholding end effector types and key parameters for the end effector and for the dexterous model.
The key cup parameters ͑KCP͒ cannot be used directly as key model parameters ͑KMP͒ in the dexterous model for two main reasons. First, the end effector stiffness is difficult to test. We can only test the equivalent stiffness of the cup in the direction of its axis by recording the loading and the cup extension or contraction. However, how the cup stiffness can be decomposed in the spring model is not straightforward. Second, the developed dexterous model and the real cup are only functionally equivalent. The dexterous model parameters do not physically map those of the real cup. This can be explained by analyzing the stress conditions inside the cup material. For example, in the static holding, as shown in Fig. 3 , the end effector partly adheres to the part surface. Since inside the cup is a vacuum, the cup is in a compressed state. In the spring model, however, the spring undergoes tension and is in an elongated state. Therefore, the measured stiffness of the cup cannot be used as the stiffness of the spring. Additionally, during transfer motion the cup-to-part contact area may vary during different transfer processes and depends on the vacuum pressure level and handling dynamic loading conditions. This means that the effective end effector diameter will change as well. Therefore, the initial cup diameter cannot be taken as the effective diameter for the model. The goal of the dexterous model parameter estimation is to determine the following relations:
(1)
where 1 , 2 and 3 are estimation errors caused by the end effector layout, handling dynamics, and part geometry, and f 1 , f 2 , and f 3 are unknown functions to be identified. The whole procedure for the dexterous model parameter estimation includes the following key steps:
1 End effector layout selection. A total number of M end effector layouts are selected for conducting the FEA simulation. The selection of the end effector positions depends on the part deformation modes of interest. For example, for a rectangular blank held in static condition, if end effectors are placed near the center of the part, its deformation mode is a convex curve as shown in Fig. 9 of Section 4.1.1. When end effectors are placed near the edge of the part, its deformation mode is a concave curve as shown in Fig. 11 of Section 4.1.1. Based on the number of modes of interest, one can select the positions to place the end effectors. The number of end effector layouts ͑equal to M͒ depends on the required estimation for accuracy and robustness. More accurate and robust estimation requires the FEA simulation to be conducted for a larger number of end effector layouts ͑see Section 3.2 for details͒.
2 FEA simulation. At each of the M end effector layouts, m FEA simulations are conducted. The number of simulations ͑equal to m͒ depends on the number of intended values for each variable to be estimated. The number of levels should be selected such as to span the real cup parameter range. More details are presented in Section 3.1.
3 Experiments. Experiments are conducted to test for part deformation at each of the M end effector layouts.
4 Data processing. The dexterous model parameters are estimated by developing an algorithm based on the simulation data and the experimental results. Details are presented in Section 3.2.
3.1 Part Deformation Simulation. The purpose of the FEA simulation is to investigate part deformation behavior under given key parameters of the dexterous model. One important finding in conducting this research is that sheet metal blanks usually have internal stress due to coiling or decoiling processing, and therefore, show some initial curvature in the natural status. When a blank is held by end effectors on its two different surfaces, the deformation contour of the blank is different. This phenomenon must be considered in the simulation since it significantly impacts the final blank deformation. The initial curvature is reflected in the FEA mesh of the handled blank. Figure 6 shows the flowchart of the part deformation simulation procedure. First, the FEA geometry mesh of the part is established including its initial curvature. Then, at a given end effector layout, the dexterous end effector model is generated by the method presented in Section 2. Next, loading and boundary conditions are applied to the whole model, and part deformation is calculated. In the output, part deformations at predetermined key characteristic points are recorded. The key characteristic points are selected by a product designer to reflect the critical discrete points used to determine an acceptable deformation contour of the whole part.
1 Figure 6 shows the procedure for one simulation cycle. At each end effector layout, a total of m simulations are conducted. A design of simulations ͑DOS͒ approach is used to organize the conducted simulations. The purpose of DOS is to understand the overall part deformation behavior quantitatively. In addition, it is one part of the parameter estimation approach ͑see Section 3.2͒. The design variables used during simulations are the dexterous model stiffness, diameter, and height. The number of levels for each variable is determined based on the practical experience following the general guidelines used in the Design of Experiments ͑DOE͒ approaches ͓26͔. 
Data
where a j is the coefficient of the polynomial function, x represents the coordinate along the line passing key characteristic points, and n is the order of the polynomial equations. 2 The relationship between each coefficient a j ͑coefficient for x j ͒ and the variables k m , d m , h m , ͑represented by k, d, and h respectively, in the following equations͒, is derived by the least square curve fitting for all the above m polynomial equations.
1 The key characteristic points are used to define the most important and most sensitive features of the product ͑points on the product where excess variation will most significantly affect product quality and performance͒, and of the process ͑points which are used to control the manufacturing process in order to maintain the product quality, for example, fixture locators͒. See ͓22-25͔ for more details. Transactions of the ASME where c i , s j and w r are coefficients for polynomial equation of stiffness k, diameter d, and height h, respectively, l, p and q are the order of the polynomial equation of k, d and h respectively. a j0 is the residual constant after the fitting. 3 By substituting a j in Eq. ͑2͒ using Eq. ͑3͒, Y គ f it is expressed by a function of k, d and h.
4 The experimental data are used to estimate the values of k, d, and h. The values of k, d, and h should minimize the difference between Y គ f it and the experimental deformation curve for all the M cup holding layouts. The problem is then transformed to the following optimization problem:
where x i represents the key characteristic point, and N is the number of key characteristic points.
5 The spring stiffness k, diameter d and height h are obtained by solving the above optimization problem.
Validation of the Developed Methodology

Case Study.
A case study is performed to illustrate the procedures of the previously presented methodology and to verify its validity. The sample part is a steel sheet metal blank with dimensions of 924 mm by 260 mm by 0.6 mm ͑Fig. 7͒.
The elastic modulus E is 2.07ϫ10 5 MPa and Poisson's ratio is ϭ0.3. The center of the part is set as the origin of the coordinate system. The end effector locations vary along the line yϭ Ϯ70 mm. The initial shape of the part is convex with the center point 30 mm above the edge points ͑Fig. 8b͒.
FEA Simulation.
In the FEA analysis, HYPERMESH was used for the geometry meshing and ABAQUS was used for the analysis and the post-processing. The part was modeled using shell elements with mesh size of 10 mm by 10 mm. The geometry mesh of the sample part is shown in Fig. 8 . In Fig. 8 , the points 2319, 2274, 2293, 2425, 2419, 2410, 1749, 1739, 1698, 1884, 1870, 261, 1183, 1162, 1319, 1310, 1275, 643, 634, 616, 770, 720 , and 734 are selected as key characteristic points whose deformation represent the deformation contour of the sample part.
A DOS is performed to determine all parameters of the dexterous model. The dexterous model used in this case study is a 4-spring model constructed as shown in Fig. 4 . The height in the spring model has relatively less impact on the holding-induced part deformation. Therefore, as a starting point, we will take the height of the physical cup as the height in the dexterous model. Following the acceptable variable ranges in real industrial applications, the value for each variable at each selected level is set as follows:
1 spring stiffness ͑N/mm͒: 0.5; 1; 2; 5; 10; 20; 50; and 100 2 dexterous model diameter ͑mm͒: 20&; 40&; and 100& 3 dexterous model height ͑mm͒: 10 Spring stiffness is the most critical parameter in the development of the dexterous model. The stiffness value 0.5 N/mm stands for the softest spring, and 50 N/mm stands for the hardest spring used in industrial application to handle parts similar to the presented case. We have also added stiffness of kϭ100 N/mm to test the dexterous modeling limitations for cups which behave approximately as rigid points in considered cases. The simulated deformation is more sensitive to the smaller values of stiffness than the larger values. Thus, more stiffness values are selected at the lower end of the stiffness range ͑close to 0.5 N/mm͒. A general guideline for selection of variable levels in design of experiments is presented in Wu and Hamada ͓26͔.
The end effector holding positions are selected at x ϭϮ200 mm and xϭϮ400 mm to represent two different deformation modes of the part. Later, we will use xϭ200 mm and x ϭ400 mm to indicate these two layouts. The three aforementioned dexterous model diameters 20&, 40&, and 100& will be represented in further description by dϭ10 mm, dϭ20 mm, and d ϭ50 mm respectively. This representation links the dexterous model diameters to the multiplication of the mesh size ͑10 mm in this case͒ and does not represent exact diameter of the models; however, this notation helps to visually locate the model. Following the procedures presented in Section 3, we have: M ϭ2, and mϭ24 ͑8*3*1͒. Figures 9 through 11 show some selected examples of the simulation results.
We can see that end effector holding positions ͑xϭ200 and x ϭ400͒, spring stiffness ͑kϭ0.5; 1; 2; 5; 10; 20, 50 and 100͒ and model diameter ͑dϭ20 and 50͒ have an impact on part deformation. With the same stiffness and dexterous model cup diameter, different holding positions cause dramatically different part deformation contours ͑compare Figs. 9 and 11͒. The sensitivity of part deformation to the stiffness increases when holding positions are near the edge of the part ͑compare Fig. 9 and Fig. 11͒ , or when the spring model diameter is larger ͑compare Fig. 9 and Fig. 10͒ .
It should be also noted that for simulations of dexterous models with very large values of stiffness ͑k͒ FEM simulations may not converge due to some FEM-based numerical problems. For example, for the case when part is held at position xϭ400 mm, and with the largest stiffness equal to kϭ100 N/mm, FEA analysis conducted using ABAQUS diverges ͑thus, a total of 21 simulations were conducted͒. This does not affect the accuracy of the presented results ͑see Fig. 13͒ , however, it allows for the assessment of limitations of the FEM-based dexterous model. It is suggested that for the end effectors with very large stiffness it would be more appropriate to use a rigid point end effector model as presented in Ceglarek et al. ͓1͔ instead of a dexterous model.
The computational cost depends on the number of simulations, variable values, and holding positions. For each simulation, it took from several seconds to 20 minutes of CPU time on a HP 9000/ C110 workstation with 128 MB RAM. For example, when holding position is at xϭ400 mm, stiffness is kϭ20 N/mm and spring diameter is dϭ20 mm, the total CPU time is 334 seconds. Computational time increases for larger values of stiffness and for holding position at xϭ400 mm.
Dexterous Model Parameter Estimation.
In our study, the origin of the coordinate system is set at the center of the part Transactions of the ASME geometry, thus, resulting in part deformation to be symmetric and therefore, the polynomial equation for each individual simulation curve is an even function. Curve fitting and model order selection procedure was based on the comparison of residual errors and resulted in selection of the 4th order ͑residual error is on the same level for 4th and 6th order models͒, i.e., nϭ4. The generic equation for the 4th order even polynomial function is:
The relationship between each polynomial coefficient and the stiffness k and diameter d ͑as presented in Eq. ͑3͒͒ is found through curve fitting. The model fitting procedure conducted is determined by residual error and coefficient of determination (R 2 ) ͓27͔. The principle is to select the lower order model satisfying residual error criterion and R 2 . The linear model is adequate regarding the relation for holding position at 200 mm (R 2 ϭ0.966), and acceptable for holding position at 400 mm (R 2 ϭ0.844). The relations between part deformation and the stiffness k and cup diameter d is as follows:
For holding at xϭ200 mm,
For holding position at xϭ400 mm,
Therefore, we get
where A 1 , B 1 , C 1 , A 2 , B 2 , C 2 are functions of the target point position x. The experiments were conducted using the experimental setup and equipment described in Section 4.2. The final fitting problem as described in Eq. ͑5͒, i.e. the optimization problem, is transformed to minimize:
This is a quadratic constrained optimization problem with variables k and d. The following result is obtained by solving this problem: kϭ1.13 N/mm, dϭ18.72 mm.
Experimental Setup and Equipment.
A test-bed for the experimental verification of the methodology was set up to investigate the sheet metal part deformation behavior under different holding layouts as shown in Fig. 12 . The tested part, necessary equipment as well as data acquisition system are as follows:
1 Part. The part dimension and material property are the same as that used in the simulation ͑section 4.1͒.
2 Cups. A set of cups is used in the experiment. The cups used are also shown in Fig. 12 .
3 Cup layouts. The layouts at xϭ200 mm and xϭ400 mm are used for model parameter estimation. Different layouts are used to verify the validity of the developed modeling and parameter estimation methodology.
4 Measurement device. DC Fastar sensor is used to test part deformation. DC Fastar is a fast response transducer that measures linear displacement and absolute position. Its resolution is 0.001 percent of the full measurement range. The sensor used has a 4-inch measurement range, thus the resolution is 1 m.
5 Data acquisition system. LABVIEW software is used to record the sensor signal in voltage reading.
Experimental Verification.
To verify the validity of the proposed dexterous model parameter estimation algorithm, a new end effector layout at xϭ250 mm is chosen to conduct both the simulation and test. Since the model diameter cannot be randomly set for testing, we used dϭ20 mm to conduct all simulations. The value of dϭ20 mm is very close to the value of d presented in Section 4.1.2. The stiffness used is equal to kϭ1.13 N/mm.
The obtained results for both simulations and experimental testing are presented in Fig. 13 . The maximum difference between Remarks: In the presented case, two holding layouts used for dexterous model estimation were sufficient to obtain the model, which is valid for various part holding layouts within presented application domain. It can also be concluded that parameter estimation of dexterous model by using a larger number of part holding layouts will allow for higher accuracy of model and expand validity of the model for larger domain of different part holding layouts. However, in industrial practice, one would like to use as small a number of layout as possible in the model parameter estimation procedure as long as the accuracy satisfies the requirements in the application domain.
Comparison with the Rigid Point End Effector Model.
In order to demonstrate the advantages of the proposed dexterous model over the rigid model proposed by Ceglarek et al. ͓1͔, we conducted simulations of four different rigid point models and compared them with experimental testing of handling sheet metal part held by 4 vacuum cups. The four different rigid point models are generated by applying the following varying boundary conditions: Model (1): all the x, y, and z translational degrees of freedom ͑DOF͒ for all four end effectors are constrained; Model (2): the four end effectors ͑denoted by E i , iϭ1, 4͒ are constrained as follows: E 1 : all x, y, and z DOFs are constrained, E 2 : x and z DOFs are constrained; E 3 : y and z DOFs are constrained, E 4 : z DOF is constrained; Model (3): the four end effectors are constrained as follows: E 1 : all translational and rotational DOFs are constrained, E 2 : x, z and all rotational DOFs are constrained; E 3 : y, z and all rotational DOFs are constrained, E 4 : z and all rotational DOFs are constrained, and Model (4): all the translational and rotational degrees of freedom are constrained. Model ͑2͒ simulates the deformation when the material flow is allowed between the end effectors, Model ͑3͒ is similar to Model ͑2͒, but it does not allow the rotational DOFs at the end effector locations. Simulations were conducted for two end effector layouts: at x ϭ200 mm and at xϭ400 mm.
The simulation results for all four rigid point models and the test data for two part holding layouts are presented in Fig. 14 and Fig. 15 .
2 It can be seen from Fig. 14 that when a holding position is at xϭ200 mm, only Model ͑2͒ can predict part deformation to the accepted tolerance limit of 6 mm. The accuracy of the other models exceed required tolerance limit. On the other hand, it can be seen from Fig. 15 that when a holding position is at x ϭ400 mm, none of the four models can predict the deformation within the accepted tolerance limit. Moreover, models ͑1͒, ͑3͒ and ͑4͒ do not predict correct mode of part deformation. The presented results suggest that no rigid point models can predict part deformation with sufficient accuracy simultaneously for various part holding layouts required for a given application of handling parts using vacuum cups. It can be concluded that for compliant sheet metal parts, handled by material handling system with vacuum cups, a dexterous model is more appropriate. The rigid point models can be very effective for sheet metal parts handled by grippers, shovels or very rigid vacuum cups.
2 It needs to be noticed that the curve of model ͑1͒ is overlapped with the curves of modesl ͑3͒ and ͑4͒ and cannot be seen in Fig. 14 . The maximum distance between the two curves is smaller than 0.35 mm. In a similar way, the curve of model ͑1͒ is overlapped with the curve of model ͑4͒ and cannot be easily seen in Fig. 15 . The maximum distance between the two curves is smaller than 0.12 mm. have presented an end effector location optimization technique based on a rigid end effector model. We applied this technique to a sheet metal blank using both the rigid model and a dexterous spring model. We selected the most appropriate case for the rigid point model to better understand its impact on the layout optimization. The objective function of the optimization is to minimize part deformation from a given die contour ͓1͔. This objective function is used for handling sheet metal blanks before the first stamping operation and is formulated based on the premise that when part deformation shape is the same as the die contour, the nesting error is minimized and the stamped part has minimum dimensional variation.
The investigation is based on a sheet metal plate with a size of 960 mm by 260 mm by 1 mm. The die contour is approximated by the curve shown in Fig. 16 . Five critical points on the sheet metal plate were selected to represent the entire deformation of the part and are also shown in Fig. 16 . The objective function used for the optimization is to minimize the standard deviation of part deformation from the die contour as measured at five selected critical points.
The optimization results are listed in Table 2 . The optimal end effector locations are schematically shown in Fig. 17 . It can be seen that with the developed dexterous spring model, the resultant optimal end effector locations are different from those when using a rigid point model even for the case of using the most appropriate rigid point model. Thus, it is also suggested when to use the dexterous model in optimizing handling layout for part transfer using vacuum cups.
Conclusions
Material handling of compliant sheet metal is a critical yet underresearched area in sheet metal stamping. One of the most challenging issues is the elastic part deformation during the handling process, which significantly impacts both part dimensional quality and the production rate. The elastic part deformation increases the possibility of part nesting error in dies, part distortion during contact with die as well as potential part-system interferences. It is very critical during material handling to control elastic deformation of parts. This paper advances previously developed material handling end effector layout optimization methodology for rigid point end effectors ͓1͔ by developing a dexterous part-holding end effector model. This model overcomes the shortcomings of the rigid point part-holding end effector model by predicting part deformation more accurately for various modes of deformation and for a domain of part-holding end effector location. This is especially important for handling systems with vacuum cups type of end effectors widely used for handling large sheet metal parts. In addition, it generates more accurate optimal end effector locations, which can be used to improve the material handling tooling design. The presented results showed that no rigid point models can predict part deformation with sufficient accuracy simultaneously for various part holding layouts required for handling parts using vacuum cups. It can be concluded that the dexterous model is more appropriate for compliant sheet metal parts handled by material handling systems with vacuum cups. The rigid point models can be effective for sheet metal parts handled by grippers, shovels or very rigid vacuum cups.
The dexterous end effector model design method and an algorithm for estimation of model parameters are developed. The algorithm combines data from design of computer simulations and from the set of experiments by integrating finite element analysis and a statistical data processing technique. Experimental studies are conducted to verify the developed dexterous cup model and the model parameter estimation algorithm. The parameter estimation algorithm provides accurate estimation of model parameters valid for a selected domain of part holding layouts based on experiments with only two pre-selected layouts. The developed model and methodology provides an analytical tool for product and process designers to be used for accurate prediction of part deformation during handling which further leads to minimization of part deformation and improvement of part dimensional quality and rate of production. 
